Phytophagous insects use blends of volatiles released from plants to select hosts for feeding and oviposition. To behaviorally analyze complex blends, we need efficient and selective methods for elucidating neuron types, their ligands, and specificity. Gas chromatography-combined single sensillum recordings (GC-SSRs) from antennal olfactory sensilla of female moth, Spodoptera littoralis revealed 38 physiologically active peaks in the headspace volatile blends from both larvae-damaged cotton plants and lilac flowers. Using GC-combined mass spectrometry, 9 new physiologically active compounds were identified from damaged cotton and 11 from lilac compared with earlier electrophysiological studies using antennae of female S. littoralis. We characterized 14 novel classes of olfactory sensory neurons (OSNs). Among these, we found the first 2 ligands for a frequent type of short trichoid sensillum, for which no ligands were identified earlier. By using GC-SSR, a substantial increase in functional classes of OSNs and active compounds, 40% and 34% more, respectively, compared with recent studies using GC-electroantennogram or SSR using single compounds was detected. Compared with the estimated number of corresponding antennal olfactory receptors, the OSN classes now correspond to 83% of a likely maximum. The many specialist OSNs observed may facilitate behavioral confirmation of key plant volatiles in blends.
Introduction
Volatile organic compounds emitted by plants mediate a variety of ecological interactions between plants and insects. To understand these interactions, the identification of the volatile compounds that play vital roles in triggering insect behaviors, such as attraction to plants for nectar feeding and oviposition, is essential (de Bruyne and Baker 2008; Riffell et al. 2009; Bruce and Pickett 2011) . Although orientation and attraction of moths to plant volatiles have received some attention (Tingle and Mitchell 1992; Tasin et al. 2006; Del Socorro et al. 2010a; Saveer et al. 2012) , only a handful of bioactive compounds has been identified (Rojas 1999; Landolt et al. 2006; Del Socorro et al. 2010a , 2010b Gregg et al. 2010; Saveer et al. 2012) . This is probably due to the complexity of the odor blends released by plants, particularly in comparison with the more simple blends of, e.g., pheromones. From a practical perspective, unraveling the identity of nonpheromonal semiochemicals from both host and nonhost plants could provide sufficient insight for their future use in insect pest management (Cook et al. 2007; Schlyter 2012) .
The polyphagous moth Spodoptera littoralis uses a broad range of plants from different families as host plants (Anderson and Alborn 1999) , but shows a clear species-specific preference for egg laying (Thöming et al. 2013) . Behavioral studies have shown that plant volatiles are important cues driving the hostseeking behavior of S. littoralis, eliciting both attraction and repellency to plant odorants (Saveer et al. 2012; Zakir et al. 2013 ). Using gas chromatography-combined electroantennographic detection (GC-EAD) analysis (Arn et al. 1975) , the antennae of S. littoralis females have been shown to respond to compounds present in the volatile blends of undamaged and herbivore larvae-damaged host plants (Zakir et al. 2013) as well as flowers floral odor (Saveer et al. 2012) . Moreover, single sensillum recordings (SSRs) have investigated responses of olfactory sensory neurons (OSNs) to plant odors important for host plant choice by S. littoralis (Anderson et al. 1995; Jönsson and Anderson 1999; Binyameen et al. 2012) . These studies have characterized 32 functional classes of OSNs housed in basiconic, auricilic, and coeloconic sensilla. Moreover, 47 odorant receptors (ORs) and 12 ionotropic receptors (IRs) have been identified from male and female S. littoralis expressed sequence tag libraries and antennal transcriptomes (Olivier et al. 2011; Jacquin-Joly et al. 2012; Poivet et al. 2013) . Assuming that each OSN class expresses a single OR or IR, this suggests that <55% of the OSN classes have hitherto been characterized in S. littoralis. Hence, there are likely voids in the odor space that could be filled by the identification of novel plant semiochemicals.
Using GC-combined SSR analysis, the aim of this study was to narrow this void by identifying novel biologically active compounds in headspace volatiles of lilac flowers, which strongly attract male and female S. littoralis (Kromann 2012; Saveer et al. 2012) , and of cotton plants releasing conspecific larval-induced compounds that act as oviposition deterrents (Zakir et al. 2013) . This method provides screening for biologically active compounds in complex odors with high specificity and sensitivity and would be expected to detect substantially more active compounds from sources previously well-analyzed by GC-EAD (Wadhams 1982) . In the study, we focus on OSNs housed in the most abundant sensillum types: basiconic and short trichoid sensilla.
GC-SSRs from antennal olfactory sensilla of female moth, S. littoralis revealed 38 physiologically active peaks in the headspace volatile blends from both larvae-damaged cotton plants and lilac flowers. Using GC-combined mass spectrometry, 9 new physiologically active compounds were identified from damaged cotton and 11 from lilac compared with earlier electrophysiological studies on antennae of female S. littoralis. We characterized 14 novel classes of OSNs. Among these, we found the first 2 ligands for a frequent type of short trichoid sensillum, for which no ligands were identified earlier. The many specialist OSNs observed may facilitate behavioral confirmation of key plant volatiles in blends.
Materials and methods

Plant headspace volatile collection
Plants
Cotton (Gossypium hirsutum L.; Malvaceae) plants were grown individually in a growth chamber maintained at 25 ± 2 °C and 65 ± 5% relative humidity. In addition to natural light, artificial light was provided by positioning a light (Philips, SON-T, 400 W) 1 m above the plants. Because lilac (Syringa vulgaris L.; Oleaceae) flowers are seasonal, volatile collections were made from field collected (Alnarpsgården) detached flower bunches during June-July 2009.
Odor collection
Six-week-old cotton plants (6-8 true leaves) were subjected to S. littoralis larval feeding for 48 h before and during odor collection. In total, 12-16, 3rd-4th instar larvae were allowed to feed on each plant. Headspace collections were made according to Saveer et al. (2012) , except that polyacetate oven bags (Toppits 3M, Melitta Scandinavia AB) were used instead of glass containers. An air plenum was created inside the bags, to avoid any physical damage to the leaves, by pumping 300 mL min −1 of charcoal-filtered air inside the bag and by taking out 150 mL min −1 through the volatile trapping adsorbent columns, using 12-V diaphragm vacuum pumps (KNF Neuberger). The adsorbent columns were made of Teflon tube (60 × 3 mm) and contained 50-60 mg of Super Q (Supelco). Volatile collections were performed for 12 h and extracts were obtained by eluting the adsorbent columns with 500 μL of redistilled n-hexane and then pooled and condensed, under a gentle stream of nitrogen, to a level so that an amount of 1 µL contained 10 min equivalents of aeration. Condensed extracts were used for chemical analyses and in electrophysiological recordings. The volatile samples were stored in air tight glass vials at −18 °C.
Headspace volatiles from lilac flowers were collected in the same way as by Saveer et al. (2012) . The flower branches were then enclosed in a 5-L glass container, which was closed from the base with a glass fitting. The adsorption columns were made of glass tubes (60 × 6 mm), containing 150-200 mg of Super Q adsorbent between glass wool plugs.
Electrophysiology
Insects
Spodoptera littoralis were imported as field collected pupae from Egypt to establish a culture as described by Binyameen et al. (2012) . Virgin females, 2-3 days of age, were used in the experiments.
Odor stimuli preparation and stimulation; stationary SSR Synthetic references were used for electrophysiological characterization of antennal olfactory sensilla and for confirmation of chemical identity of newly identified compounds (chemicals name, CAS, and source details are given in Supplementary Table S1 ). The odor stimuli used for SSRs included a wide range of compounds, identified in volatile extracts from biological sources (Jönsson and Anderson 1999; Zakir et al. 2013) or compounds that had been used in physiological or behavioral studies on S. littoralis (Anderson et al. 1993; Anderson et al. 1995; Galizia et al. 2002; Binyameen et al. 2012; Supplementary Table S1) .
To identify the functional types of OSNs characterized in our previous study, stationary SSRs were performed using a set of diagnostic compounds (Binyameen et al. 2012) , loaded in pasture pipettes, which were used at most three times for stimulation and were kept at −18 °C when not in use . Briefly, a female moth was restrained in a plastic pipette tip with only the head protruding, and a tungsten wire, serving as a reference electrode, was inserted into the abdomen. The head was immobilized with dental wax, and one of the exposed antennae was fixed onto a glass microscope slide using double-sided sticky tape. SSRs were performed by using a tungsten electrode, which was electrolytically sharpened by repeatedly immersing the tip into a syringe of 10% KNO 2 solution. The recording electrode was attached to an olfactory probe (Syntech) and inserted into the base of a sensillum using a motorized micromanipulator equipped with a piezoceramic element (DC3001-MPM10; World Precision Instrument). Recordings were made under a Nikon Eclipse FN1 compound light microscope at ×750 magnification. Extracellular spikes of the OSNs were amplified through an IDAC-4 interface amplifier (Syntech), displayed on a computer screen, and their frequency recorded using Autospike (Syntech).
GC-combined single sensillum recordings
If a neuron responded to any of the 45 synthetic single stimuli (Supplementary Table S1 ), or to pipettes loaded with damaged cotton and lilac volatile extracts, we also stimulated the cell by combined gas chromatograph and SSR setup to individual constituents of 2 µL of extracts separated by the GC (Wadhams 1982) . In the GC, a four-way cross Graphpack (Gerstel) installed at the end of the GC-column and fed by 4 psi N 2 , led half of the effluent into the charcoalfiltered and humidified air stream (1 L min −1 ) flushing over the insect antenna through a glass tube (14-cm long, 7-mm inner diameter), and the other half to the flame ionization detector (FID).
Thus, the activity of an OSN and the gas chromatogram of the components separated on the GC-column were recorded simultaneously. For GC-SSR recordings, the GC was equipped with a fused silica capillary column (30 m × 0.25 mm ID, coated with HP-5; df = 0.25 μm), and the GC oven temperature was programmed from 50 °C (2 min hold) at 8 °C min −1 to 250 °C (5 min hold). Hydrogen was used as the mobile phase at an average linear flow of 45 cm s −1 . For other details, see Saveer et al. (2012) .
Identification and quantification of plant volatiles
The GC-SSR active compounds were identified from the headspace volatile extracts of both plant types by GC-combined mass spectrometry (GC-MS; 6890 GC and 5975 MS; Agilent Technologies) analysis. The HP-5MS coated fused silica capillary column and the temperature program specifications were the same as that used in the GC-SSR experiments (mentioned earlier). In addition, to check for coeluting compounds on the HP-5 column, they were separated on a polar-fused silica capillary column DB-Wax (30 m × 0.25 mm ID, df = 0.25 μm). In this case, the GC oven temperature was programmed from 30 °C (3 min hold) at 8 °C min −1 to 225 °C (5 min hold). Two microliters of each extract sample were injected into the GC-MS by means of an autosampler (7683B Series, Agilent). Helium was used as a mobile phase in all GC-MS analyses, at an average linear flow rate of 35 cm s −1
. The identity of active compounds was determined by following a standard protocol (see the editorial in Journal of Chemical Ecology: Anonymous 2008), with Kovat's retention indices and mass spectral libraries (National Institute of Standards and Technology, Wiley, and our custom Alnarp11). Synthetic standards were then used in GC-SSR and GC-MS to confirm the biological activity and chemical identification of OSN active peaks, respectively. For quantification of identified compounds in the biological extracts, 2 µg of heptyl acetate (data not shown) was added to the extract as an internal quantification standard. Furthermore, 2 µL of synthetic standards of known concentration (10 ng µL −1 ) of each compound were injected in the GC-MS employing the same conditions and the response compared for quantification of compounds identified in the plant extracts.
Criteria for classification of functional OSN types
Classification of OSN classes was based on the same criteria used in our previous study (Binyameen et al. 2012) , where OSNs were classified based on the morphological sensillum type, spike amplitude of the responding neuron (larger spike amplitude as A-neuron and smaller amplitude as B-neuron), and their receptive range. Confirmation of chemical identity of electrophysiologically active candidate compounds was verified by their synthetic standards run on the GC-SSR. An OSN was considered a novel OSN if its odor profile (response spectra) did not share all odors with any of the previous defined classes.
Results
Chemical analysis
Chromatograms produced from headspace extract of both plant types had the same number of active volatiles, 23 (Figure 1 ), but lilac had much larger amounts (x = 12 ng min −1 compound −1 ) than damaged cotton (x = 0.9). Eight compounds were shared between damaged cotton and lilac extracts; however, they differed in quantity, where again their titer for 7 of 8 compounds was much higher (2-fold or more) in lilac than in cotton (Table 1) . Among the 23 GC-SSR Figure 1 Gas chromatograms of headspace volatiles from (A) larval-damaged cotton, Gossypium hirsutum plants and (B) flowers of lilac, Syringa vulgaris produced using HP-5 column. GC peaks with electrophysiological activity are given names (chemical identity). Standard protocol for identification was followed (Anonymous 2008) ; comparison of mass spectra with National Institute of Standards and Technology, Wiley, and Alnarp11 MS libraries to give candidate compounds and subsequent injection of candidate synthetic standards on GC-MS and GC-SSR. For the (E,E)-cosmene in lilac, a standard was lacking; hence, its identification remains tentative. active compounds in cotton headspace, only six were major compounds (>1 ng min −1 from a plant surface); 4 monoterpenes, a sesquiterpene, and 1 green leaf volatile. A minor peak, the mass spectra of which could not be matched to any reference mass spectrum is listed as "unidentified" ( Figure 1A , Table 2 ). Correspondingly, of the 23 GC-SSR active compounds in lilac flower headspace ( Figure 1B ), most were >1 ng min −1 and eight were >10 ng min −1 , of which two were monoterpene hydrocarbons, one of each monoterpenic alcohol and aldehyde, 1 aromatic aldehyde, and 3 aromatic ethers (Table 1) . Two of the peaks that were found only in the flower volatiles, the lilac aldehyde A and lilac aldehyde B, did not separate on the HP5 column ( Figure 1B ), but separated on the DB-WAX column in the GC-MS.
Physiology
SSRs with an extended panel of 47 stimuli and 170 successful GC-SSR runs revealed 33 functional classes of OSNs in basiconic sensilla (BC), 13 of which were novel, and 1 novel functional OSN class in short-trichoid (ST) sensilla (Table 2 ) Twelve novel plant volatiles were identified from the GC-SSR and GC-MS analysis (Table 1) . Chemical identity of active compounds was confirmed by their synthetic standards run on the GC-SSR, examples are shown for extracts in Figure 2 .
Among novel types, OSN30B responded with high specificity to a herbivore-induced homoterpene, 4,8-dimethyl-1,(E)3,7-nonatriene (DMNT) ( Figure 3A) . Similarly, a total of seven novel OSNs were specific, responding to 1-3 stimuli only (Table 2 ), There were also 3 clear generalists, e.g., OSN27A that strongly responded to 5 compounds (Table 2) , including (E)-β-ocimene ( Figure 3B ). OSN33A responded to nine compounds from low to high sensitivity (Table 2, Figure 3C ). Interestingly, the novel responses tended to fall among the volatiles in lowest titer, with the exception of α-pinene (Table 1) .
Of the common ST sensilla morphological type, unresponsive in our earlier study, we found responses in one case; to DMNT and toluene in cotton extract. This OSN is referred to as ST-OSN1A (Table 2 ).
For the 20 OSN types previously encountered, 5 new ligands were found, two of which are sesquiterpene hydrocarbons, one of each aliphatic, aromatic, and sesquiterpenic alcohols, and 1 hemiterpenic ester (Table 3) . For example, OSN5A, which previously was found specifically tuned to a homoterpene 4,8,12-trimethyl-1,(E)3,(E)7,11-tridecatetraene (TMTT), now responded also to a sesquiterpene hydrocarbon, (E,E)-α-farnesene (Figure 2 ). Likewise, OSN3A, which previously responded to 2 sesquiterpene hydrocarbons, also responded to another sesquiterpene, α-cubebene in lilac (Figure 4) . The OSN9B also responded to 6 new ligands, 1 sesquiterpene hydrocarbon, 1 short-chained alcohol, one of each aromatic and hemiterpenic esters, and 2 other compounds present either in the synthetic panel or in the biological extracts (Table 3) .
Overall, the majority of OSNs were narrowly tuned to one, or at most, a few structurally related compounds, where 25 out of 34 OSN classes responded to only 1-3 compounds. The remaining nine OSN classes responded to 4-10 compounds (Tables 2 and 3 ). When restricting "narrowly tuned" only to those giving stronger responses (50 Hz or higher), we still find such neuron responses in 20 of 34 OSN classes, corresponding to 59% OSNs.
Discussion
Novel compounds
Using an extended panel of synthetic plant-derived compounds and GC-SSR analysis of behaviorally active headspace extracts of cotton and lilac flowers, we have identified 38 compounds detected by OSNs of female S. littoralis. Twelve of these compounds are novel actives; toluene, camphene, α-pinene, β-phellandrene, (E,E)-cosmene, α-cubebene, (E)-β-farnesene, (E)2-hexenol, methyl eugenol, farnesol, (E)2-hexenyl butyrate, and isoamyl acetate, which have not been shown to elicit an electrophysiological response in S. littoralis previously (Jönsson and Anderson 1999; Saveer et al. 2012; Zakir et al. 2013 ).
An interesting observation is that earlier studies used the same plant species, but a different technique, i.e., GC-EAD instead of GC-SSR, compared with this study. Thus, the identification of novel compounds could be mainly due to Unidentified MT, tentatively identified as (E,E)-cosmene. c DMNT (E)-4,8 dimethyl-1,3,7-nonatriene; TMTT (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene; estragol = 1-methoxy-4-(2-propenyl)-benzene/4-allyl anisole. 25A  26A  26B  27A  28A  29A  30A  30B  31A  31B  32A  33A  34A (Arn et al. 1975 ) is a standard and common method heavily used to screen for biologically active compounds (Barata et al. 2000; Zhang et al. 2000; Bengtsson et al. 2001; Fraser et al. 2003; Wibe 2004; Zakir et al. 2013) . The GC-SSRs in this study allows us to describe a considerably wider chemosphere than previous GC-EAD studies, which clearly demonstrates that GC-EAD by itself may not be sufficient for identifying all compounds detected by the insect antenna (Wibe 2004 ). This may be due to the fact that the activity of small populations of OSNs results in small sums of receptor potentials, which can easily lie below the threshold of signal detection in GC-EAD recordings. This also could be due to the fact that GC-SSR technique has a higher resolution compared with GC-EAD as in SSR the response is recorded from a single neuron instead of the whole antenna (Wibe 2004; Ghaninia et al. 2008) . Therefore, GC-SSR could be a highly sensitive tool in detecting physiologically active components in the volatile of host plants, including compounds that do not elicit GC-EAD responses (Blight et al. 1995; Barata et al. 2002; Wibe 2004 ). In S. littoralis, EAG appears to be a less suitable tool to detect all of the most relevant signals perceived by this polyphagous species. The importance of using GC-SSR has also been demonstrated for the cabbage seed weevil (Ceutorhynchus assimilis), where 5 volatile compounds of oil seed rape (Brassica napus) elicited responses in single OSNs, but did not elicit EAD response (Blight et al. 1995) . Likewise, Barata et al. (2002) , using GC-SSR, found six active peaks in Eucalyptus globulus, a host plant of eucalyptus woodborer (Phoracantha semipunctata) and two in a nonhost, Pinus pinaster that were not found to be active in GC-EAD study (Barata et al. 2000) . Several other studies have also reported similar observations (Bichão et al. 2003; Wibe 2004; Bichão et al. 2005) , which suggest that GC-SSR is a better tool for identification of physiologically active odorants than the extensively used GC-EAD.
New OSN classes
Altogether 34 classes of OSNs, of which 14 were novel, responded to 51 odorants present in either the synthetic panel or plant headspace extracts. These odorants belonged to several compound classes, including green leaf alcohols and floral aldehydes, which have been shown to be highly attractive for noctuid female moths (Gregg et al. 2010) . In addition, quite a few OSNs responded to terpenoid compounds, which are induced by herbivore attack, particularly homoterpenes that can inhibit the oviposition behavior of a female moth (Tholl et al. 2011; Zakir et al. 2013) . The possible reason for this dedication of OSNs to detect herbivore-induced plant volatiles (HIPVs) could be the fitness cost, because HIPVs may protect plants either directly by repelling or deterring herbivores, or indirectly by attracting the enemies of herbivores (Turlings and Wäckers 2004) . The direct repellence might also be a result of the detection of a signal that indicates that enemies may be present. Detection of herbivore-induced chemicals in plants by S. littoralis has been previously shown both at antennal (Zakir et al. 2013) and neuronal levels (Jönsson and Anderson 1999) .
Several of the compounds that we found in damaged cotton, e.g. (E,E)-α-farnesene, (E)-β-farnesene, (E)-β-ocimene, Compound  OSN classes  25A  26A  26B  27A  28A  29A  30A  30B  31A  31B  32A  33A  34A Table 1 . New actives from this study are shown in bold. a Unidentified MT, tentatively identified as (E,E)-cosmene. b bsulcatone = 6-methyl-5-hepten-2-one (terpenic).
c Unidentified (MS indole-alike). linalool, indole, DMNT, and TMTT have been reported earlier in herbivore larvae-damaged cotton plants and are proposed to be produced de novo in response to insect feeding (McCall et al. 1994; Paré and Tumlinson 1997; Röse and Tumlinson 2005) . Homoterpenes are common constituents of floral and HIPV bouquets (Tholl et al. 2011) . Two homoterpenes, DMNT and TMTT, are produced by angiosperms with emissions from floral and vegetative tissues upon herbivore feeding. DMNT abolished upwind attraction of S. littoralis females when added to a blend of host plant attractants in the wind tunnel (Saveer AM, Hatano E, Binyameen M, Schlyter F, Beacher P, Bengtsson M, Ignell R, and Witzgall P, unpublished data). We found 1 neuron, OSN30B, responding specifically to DMNT. Another neuron, OSN5A, responded to TMTT as well as 1 sesquiterpene (E,E)-α-farnesene. Spodoptera littoralis females may use these OSNs, specialized to induced compounds, to judge quality of the host plant cotton to oviposit (Jönsson and Anderson 1999) . These results show the importance of separate sensory channels for transmitting important information about nonattractive or repellent odorants, similar to a recently identified olfactory circuit in Drosophila melanogaster dedicated to detection of a single odorant from harmful microbes (Stensmyr et al. 2012) . The investment in OSNs specifically detecting chemicals that inhibit host attraction (Andersson et al. 2009; Andersson 2012; Schiebe 2012; Stensmyr et al. 2012; Binyameen et al. 2014 ) is interesting not only from an ecological and evolutionary point of view but may also help in developing plant protection strategies. 
•
Specificity of OSN responses
We, by GC-SSR, found 7 of the 14 new OSNs highly selective (responding to 1-3 odorants) compared with earlier data. Selectivity of OSNs is not only important for understanding the olfactory coding mechanisms but also for the identification of odorants, which are the most ecologically relevant to the moth and should thus be tested in behavioral assays. It has been believed that plant odor-detecting OSNs are broadly tuned, particularly in comparison to pheromone OSNs, but the picture is changing. This may be due to the fact that most previous studies have used high (i.e., not ecologically relevant) stimulus concentrations, especially of highly volatile host New actives from this study are shown in bold. For other symbols and abbreviations, see Table 1 . a Binyameen et al. (2012). b Indicates this compound is a new ligand for that OSN. compounds . However, when biologically relevant compounds and ecologically relevant stimulus concentrations are used, OSNs narrowly tuned to plant odorant have been consistently found in several moth and beetle species (Hansson 1999; Røstelien et al. 2000a Røstelien et al. , 2000b Shields and Hildebrand 2000; Wibe 2004; Ignell and Hansson 2005; Røstelien et al. 2005; Andersson et al. 2009; Andersson 2012; Schiebe 2012) . In this study, we found that most novel OSNs have selective responses to one, or a few structurally related components in the complex mixtures, released by damaged cotton and lilac flowers, suggest that these OSNs are specialized rather than being broadly tuned to many plant compounds. Similarly, in heliothine moths, several OSNs responding selectively to monoterpene and sesquiterpene hydrocarbons have been characterized (Røstelien et al. 2000a (Røstelien et al. , 2000b Stranden et al. 2002 Stranden et al. , 2003 Røstelien et al. 2005) . One interesting example of a sensitive and selective nonpheromonal neuronal type has been found in heliothine species which responds to the sesquiterpene germacrene D at picogram doses (Røstelien et al. 2000b) . Dose-response studies showed many-fold higher effect of (−)-germacrene D than of the (+)-enantiomer and much lower, if any, effects of a few other sesquiterpenes (Stranden et al. 2002) . Similarly, Svensson and Larsson (2008) found kairomonal enantioselective OSNs in 2 species of beetles, Osmoderma eremita and Elater ferrugineus. Our results show that the antennae of female S. littoralis are equipped with both specialized and more broadly tuned OSNs. The majority of the OSNs responding to >1 odorant, responded to structurally similar odorants, or displayed secondary (weak) responses to structurally dissimilar odorants. We also found some OSNs responding with high sensitivity to several apparently structurally dissimilar compounds, for example, OSN2A that responded equally well to 2-phenyl acetaldehyde (PAA) and (Z)-3-hexenyl acetate. However, the female moth also has a specialized neuron, OSN1A, for detecting PAA. It can be hypothesized that the OSN2A responding to both odorants may express 2 ORs, as it has been shown in D. melanogaster, where a single neuron equipped with 2 ORs was found (Goldman et al. 2005) . We hope that future studies using heterologous expression system may test this hypothesis of double expression in this polyphagous moth.
In contrast, most odorants showed little or no overlap (i.e., elicited response in only 1 neuron), suggesting that information about many compounds is conveyed to the brain by a single channel. In this study, for example, several odorants such as β-caryophyllene, α-cubebene, (E)-β-farnesene, myrcene, camphene, methyl jasmonate, isoamyl acetate, (E,E)-cosmene, β-phellandrene, toluene, estragol, benzyl methyl ether, 1,4-dimethoxy benzene, lilac alcohol, methyl eugenol, (E,E)-farnesol, and decanal elicited responses in only single OSNs. Our results also show that the receptive range of OSNs tuned to plant odorants ranges from specific to broadly tuned, which may correspond to both of the two, the principles by which information about an odorant is transmitted to the brain; either through "labeled lines" and/ or "across-fiber patterns/combinatorial coding" (Malnic et al. 1999; Hallem et al. 2004; Hallem and Carlson 2006; Leal 2013 ). However, more recent studies postulate that under restrictive experimental conditions, these networks lead to an apparent existence of "labeled line" coding for special odors (Stensmyr et al. 2012; Galizia 2014) . Our data also strengthens the idea of "labeled lines" as we find several new cases of OSN with quite specific responses. The earlier often found less specific responses, corresponding to "across-fiber patterns" suggested for plant compounds, could be a consequence of screening doses used in earlier studies (Hallem et al. 2004; Hallem and Carlson 2006) combined with the high volatility of many plant compound causing high compound fluxes (concentrations) in stationary SSR , compared with the low and known titers presented by GC-SSR in our study.
Overall, many OSNs associated with BC sensilla responded to the biological volatile collections tested. We assume that other sensillum types also described from S. littoralis antennae (coeloconic, auricillic, grooved peg; Binyameen et al. 2012) as well as the predominant ST sensilla (of which, we characterized only one for the first time in the present study), might be involved in the detection of other volatile blends than those tested here. It is likely that many odorants from other sources, such as microbes or nonhost plants, activating these other morphological sensilla types still remain undiscovered.
In conclusion, GC-SSRs, compared with earlier GC-EAD studies, revealed that the peripheral olfactory system of female S. littoralis can detect many more than earlier known ecologically relevant compounds, which could be used to locate potential food sources and suitable reproduction sites. This study has increased by 40-50% the number of plant odorants known to be encoded by a now larger number of OSNs (from 35 to 49) in female S. littoralis. Furthermore, the current study strengthens the concept of OSN specificity in a generalist feeder as many types of OSNs are specifically tuned to one or a few structurally related compounds, while only some overlap in their response spectra. In addition to the discovery of novel classes of OSNs and biological active ligands from ecological sources and OSNs specificity, this study widens the platform for the deorphanization of ORs that will elucidate underlying molecular mechanisms of olfaction in this polyphagous pest species (Jacquin-Joly et al. 2012; Poivet et al. 2013) . 
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